Cephalosporium gramineum is the causal fungus of Cephalosporium stripe disease of wheat.
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Introduction
Cephalosporium stripe, caused by the soilborne fungus Cephalosporium gramineum Nisikado & Ikata (Hymenula cerealis Ell. & Ev.), is an important vascular disease of winter wheat. Spring grains are susceptible but either escape infection or do not permit infections to build to a damaging level. Symptoms appear during jointing and heading as chlorotic, longitudinal stripes on leaves. The continuity of the stripes and one or more darkened veins within them throughout the culm, leaf sheath and blade are diagnostic. Near harvest, the culm of infected plants may darken at and below nodes. Such plants typically are or will be stunted, prematurely ripe and white-headed (Wiese, 1987) . Yield loss of up to 80% can occur when conditions are favourable (Johnston & Mathre, 1972) . The disease was initially described from Okayama Prefecture in Japan in 1930.
Within a few years, the disease had spread to other prefectures (Hiroshima, Hyougo, Ehime, Kagawa, Aichi, Nagano and Iwate), severely affecting wheat production (Nishikado et al., 1934; Ikata & Kawai, 1937; Yunoki & Sakurai, 1965) .
In 1955, Bruehl (1957) discovered the disease on winter wheat in the United States, but previously, Orton (1931) had recorded Cephalosporium sp., isolated from wheat in Minnesota in 1924, without referring to the stripe disease itself. In Europe, Ciferri (1959) first recorded C. gramineum in meadow foxtail (Alopecurus pratensis) in Italy followed by Gray and Noble (1960) , who reported the disease in Scotland.
In 1982, Kobayashi et al. (1982) first reported the disease in Hokkaido (the northernmost Japanese island), the main wheat production area of Japan, where it has seriously affected wheat production (Ozaki et al., 1988) . Although Cephalosporium stripe is not currently the major disease affecting wheat production in Japan, it still occurs almost every year in Hokkaido, especially in fields where winter wheat is continuously cultivated.
In the United States, Cephalosporium stripe is still a chronic yield-reducing disease that occurs every year in the Pacific Northwest region (Murray, 2006) .
The genetic structure of C. gramineum has yet to be determined. Knowledge of the amount and distribution of genetic variation is of great importance in managing pathogenic fungi (McDonald, 1997) . In addition, the identification of C. gramineum is still limited to culture morphology, even though in the last decade, molecular-based techniques have made a significant impact on the speed and reliability of fungal species identification.
Both the internal transcribed spacer (ITS) and the intergenic spacer (IGS) of rDNA are highly polymorphic and provide useful tools for taxonomic studies at the species and subspecies level (Chen et al., 1992; Henrion et al., 1994) . Also, many studies have used the IGS region to develop species-and subspecies-specific markers (Chen et al., 2000; Konstantinova & Mattila, 2004) .
The objectives of this study were to detect genetic variation within C. gramineum based on differences in the ITS and IGS regions of rDNA and to develop a molecular marker for the specific identification of C. gramineum. Table 1 lists the fungal isolates used in this study. C. gramineum was isolated from winter wheat and orchard grass plants with typical Cephalosporium stripe symptoms. Leaves with diagnosed stripes were cut into small fragments, surface-sterilised with 70% EtOH, air-dried and placed on cornmeal agar (Sigma) acidified with lactic acid to pH 4.8. After incubation at 20˚C for about 1 week, colonies growing out from the fragments were identified as C. gramineum by cultural characteristics (slow-growing, wet and white-grey or yellow colonies, morphology of conidia forming false heads on conidiophores; Kobayashi et al., 1982) . The pathogenicity of new isolates collected from Hokkaido was verified by inoculation onto susceptible spring wheat (Triticum aestivum cv. Haruyutaka). A conidial inoculum was prepared by culturing in 100 mL potato dextrose broth (Difco) in 500-mL flasks on a shaker for 5-6 days at 24˚C. Fungal mycelia were removed by filtering through four layers of cheesecloth, and conidia were washed twice via centrifugation (5000 rpm).
Materials and methods

Fungal isolates
Conidia were resuspended in distilled water, with the concentrations of final suspensions adjusted to 1.2 × 10 7 using a haemacytometer. Two-week-old seedlings of spring wheat cv.
Haruyutaka grown in vermiculite were used for the inoculation test. We gently removed seedlings from their containers, washed the roots in tap water and then trimmed off one-third of the roots with sterilised scissors. The roots of eight plants were dipped into each conidial suspension for 6 h and then transplanted to 12-cm pots. Plants dipped in water were used as negative controls. The isolate MAFF305546 was included in the test as a positive control. Two weeks after flowering, plants were observed for symptoms. Isolates were considered pathogenic when stripes or necrotic vascular bundles were observed in any of the uppermost four leaves.
DNA extraction
For DNA extraction, isolates were grown in potato dextrose broth for 2 weeks, and the mycelia were harvested via vacuum filtration. The harvested mycelia either were used immediately for DNA extraction or frozen at -80˚C until use. The mycelia were ground to a fine powder in liquid nitrogen, and DNA was extracted using the CTAB method of Watanabe & Sugiura (1989) , modified from Murray &Thompson (1980) . The DNA concentration was determined using a spectrophotometer (DU-640, Beckman-Coulter), and DNA extracts were stored at -20˚C until use.
PCR amplification and ITS sequencing
For all C. gramineum isolates, the ITS region was amplified using the universal primer pair ITS4 (5-TCCTCCGCTTATTGATATGC-3) and ITS5
(5-GGAAGTAAAAGTCGTAACAAGG-3; White et al., 1990) . PCR consisted of 0.1 μM of each primer, 200 μM dNTPs, 1 unit Taq DNA polymerase, 1× PCR buffer (Labo Pass) and 0.5-1.0 ng DNA template in a total volume of 20 μL. The thermal cycler (PCR Thermal
Cycler MP, Takara) programme was as follows: initial denaturating step at 94˚C for 3 min, followed by 35 cycles at 94˚C for 1 min, 58˚C for 30 s and 72˚C for 30 s, with a final extension at 72˚C for 5 min. The temperature was then maintained at 4˚C. Negative controls (no DNA) were included to test for contamination of reagents and reaction mixtures. PCR products were electrophoresed through 1.0% agarose gel in 1× TBE buffer, stained with EtBr and visualised on a UV transilluminator. The amplified ITS region of 32 isolates was sequenced (Table 1) . Following visualisation, target bands were excised, and the DNA from the excised bands was purified using QIAquick gel extraction kit (Qiagen), according to the manufacturer's instructions. Purified products were sequenced using the dye terminator protocol (Hokkaido System Science).
Blast searches were conducted using new sequences as queries. Sequences of two C.
gramineum isolates, CG1 and CG5 (GenBank Accession Nos. AY428791.1 and AY428792, respectively), were downloaded to facilitate comparison. New sequences were trimmed to the region corresponding to the beginning and end of isolates CG1and CG5. Clustal W (Thompson et al., 1994) was used to align new sequences with downloaded sequences.
C. gramineum isolates with unsequenced ITS regions (Table 1) were subjected to ITS-restriction fragment length polymorphism (RFLP) using HinfI (Takara) according to the manufacturer's instructions. Restriction fragments were separated via 2% NuSieve gel electrophoresis, stained with EtBr and photographed under UV light.
PCR amplification of IGS and IGS-RFLP analysis
The primers 28SF (5-CTGAACGCCTCTAAGTCAGAA-3) and CNS1R
(5-GAGACAAGCATATGACTAC-3; Chen et. al., 2000) were used to amplify the IGS 
Sequencing of IGS region and design of specific primers for C. gramineum
One representative isolate was selected from each of the four genotypes of C. gramineum, as shown in Table 3 : MK08201 (genotype A), ATCC36969 (genotype B), MK08301 (genotype C) and CBS132.34 (genotype D). The IGS region was amplified using the universal primer pair 28 SF and CNS1R, and then the PCR products were purified using a Qiagen DNA purification kit. Purified products were sequenced using the primer-walking strategy (Hokkaido System Science).
Clustal W was used to align the sequences and to determine the conserved DNA region among the four isolates. Two specific primers were designed to flank the conserved region using Primer3 (Rozen & Skaletsky, 2000) : CGIGS1
(5-GGGTAGATGGGATGTGGATG-3) and CGIGS2
(5-GAAGGAGGCAGAGTTGTTGC-3). The specificity of the primer pair to C. gramineum was tested against fungi from 11 genera ( Table 2 ). The DNeasy Plant DNA Extraction Mini-Kit (Qiagen) was used for DNA extraction. DNA concentration was determined using a spectrophotometer (DU-640, Beckman-Coulter), and DNA extracts were stored at -20˚C until use.
Primer pair was assessed for its ability to detect the fungus in infected wheat plants under same conditions. For this purpose, the susceptible wheat cultivar Haruyutaka was artificially inoculated same as mentioned above. Negative control plants were mock inoculated by the same method using distilled water. After flowering when diagnosed stripes became clear, wheat leaves were collected, thoroughly washed to remove residual dirt, surface-sterilised with 70% EtOH and air-dried. Leaves were cut into small pieces, ground in liquid nitrogen, and DNA was extracted with the DNeasy Plant DNA Extraction Mini-Kit (Qiagen).
To determine sensitivity, we used genomic DNA of C. gramineum (isolate UR0901)
to prepare a 10-fold serial dilution from 0.7 ng/L to 0.7 fg/L. These seven DNA concentrations were then used for PCR templates under the conditions described above.
Results
Pathogenicity test
All isolates collected from Hokkaido were highly pathogenic to the spring wheat cultivar Haruyutaka (Table 1) .
Amplification of ITS region and DNA sequencing
The size of the amplified ITS was approximately 600 bp in all isolates (Fig. 1a) . Blast searches identified the new sequences as C. gramineum. The nucleotide sequence of the ITS region was almost identical among all isolates and was identical to sequences found in GenBank. However, a point mutation in one nucleotide at position 173 bp ( Fig. 2 ; performed using Geneious Pro, Drummond et al., 2010) added a restriction site for the enzyme HinfI in 7 of the 40 isolates (Table 3) . ITS-RFLP analysis using HinfI identified isolates with this mutation (Table 3) . However, the difference among isolates of one nucleotide in the ITS region was not sufficient to identify distinctive genotypes or to reveal the level of genetic variation within C. gramineum. Sequences were deposited in GenBank database under Accession Nos. HQ322339 to HQ322369 and HQ322374.
Amplification of IGS region and IGS-RFLP analysis
Amplification with primers 28SF and CNS1 resulted in an approximately 5-kb fragment from all C. gramineum isolates (Fig. 1b) . Of the nine restriction enzymes used for digestion, only two, EcoRI and HinfI, generated different banding patterns among isolates (Fig. 3) .
PvuII, SacI and SspI did not have restriction sites in this region. The other enzymes, HincII, HindIII, Sau3AI and XhoI, had the same restriction patterns among isolates (data not shown).
Digestion with EcoRI identified two groups among the 40 isolates, one without and the other with the EcoRI restriction site, whereas digestion with HinfI identified four groups with different restriction patterns (Fig. 3) . By combining the results of the EcoRI and HinfI digestions, we divided the C. gramineum isolates into four IGS genotypes: A, B, C and D (Table 3) . Sequences of IGS region in the isolates representing the four genotypes were deposited in GenBank database under Accession Nos. HQ322370 to HQ322373. Figure 4 shows the annealing sites of primers (performed using Geneious Pro, Drummond et al., 2010) . PCR amplification of DNA from all C. gramineum isolates used in this study or from artificially inoculated wheat plants using the CGIGS1/CGIGS2 primer pair yielded a single PCR product of the expected size of ~1880 bp (Figs 5 and 7), whereas no PCR products were detected in other fungi (Fig. 6 ) or in mock inoculated wheat plants (Fig. 7) .
Primer design and specificity
To determine the sensitivity of the PCR assay using the CGIGS1/CGIGS2 primer pair, we tested a dilution series of C. gramineum genomic DNA. A single PCR band was reliably produced from as little as 0.7 pg fungal DNA (Fig. 8) .
Discussion
This is the first study on genetic variability at the molecular level in C. gramineum.
Understanding the genetic variability of plant pathogens is important to determine the most effective strategy of breeding resistant varieties. This not only helps in understanding the population structure of the pathogen, but also improves screening procedures, since the number of isolates used depends on the variation among them (Quincke, 2009 ). In addition, better predictions of the durability of host resistance are possible, since higher levels of variation in pathogens offer a greater evolutionary potential to overcome the resistance gene (Keller et al., 2000; Stuthman et al., 2007) .
In this study, we investigated genetic variation within C. gramineum by exploring the ITS and IGS regions of nuclear rDNA. The ITS region was almost totally conserved within the 40 isolates of C. gramineum used in this study, whereas the IGS region revealed some genetic variation.
RFLP analysis of the IGS region with two restriction enzymes distinguished four
genotypes within the 40 isolates (Fig. 3 , Table 3 ). The majority of isolates from the United States and those from Europe were in the same genotypes (genotypes C and A, respectively), although due to the limited number of isolates, especially from Europe, an association between genotypes and the geographical origins of C. gramineum isolates is speculative.
Isolates from Hokkaido were assigned to each of the four genotypes. gramineum. Although the IGS region of nuclear rDNA is unlikely to be involved in the infection process, genotypic differences in P. gregata f. sp. sojae between the two identified IGS genotypes correspond to the severity of symptoms among P. gregata f. sp. sojae isolates (Hughes et al., 2002; Harrington et al., 2003) . Also, the two genotypes displayed cultivar preference (Chen et al., 2000; Meng et al., 2005; Malvick & Impullitti, 2007) .
The existence of C. gramineum races has not yet been confirmed. Mathre et al. (1977) and Van Wert et al. (1984) suggested that C. gramineum races might exist, but after assessing isolates from different regions, Cowger & Mundt (1998) found no significant cultivar  inoculum-source interaction, and thus no evidence of substantial pathogenic variability in this fungus.
Further work is necessary with a larger number of isolates to detect any correlation between the genetic variation found in this study and other phenotypic traits, such as sporulation and pathogenicity, and to reveal the evolutionary history of this pathogen.
Sequencing of the entire IGS region provided more information about differences among genotypes. Alignment of the IGS region of four isolates representative of each genotype identified the variable region between bp 780 and 1763 (Fig. 4) . Sequence variability was due to both nucleotide substitutions and insertion/deletion events. However, all trials to develop a genotype-specific primer flanking the variable region failed to differentiate among the four genotype isolates based on PCR product sizes amplified with the primers.
Only genotype A could be distinguished from the others, owing to a size difference of about 100 bp. Alternatively, we sought to develop a C. gramineum-specific primer pair that was not genotype-based. Using this primer pair, we could detect the pathogen in artificially infected wheat plants under relatively high annealing temperature (65C). Primers destined to detect a specific pathogen form plant materials must be able to distinguish between target and non-target nucleic acids. However, specific primers that perform well at relatively low annealing temperatures might also hybridize to non target annealing sequences, because of low stringency conditions leading to costly positive results. Therefore, in addition to sequence specificity, the ability of a primer set to perform at a high annealing temperature is an important advantage for diagnosis (Bahar et al, 2008) . Under these temperature conditions, the primers CGIGS1/CGIGS2 could amplify as little as 0.7 pg of C. gramineum DNA (Fig. 8) .
Further research is under way to confirm the efficiency of this primer pair in the specific detection of C. gramineum in naturally infected hosts and soils. The development of such a sensitive detection method is essential to understand the host-pathogen interaction and illuminate unresolved questions related to pathogen ecology.
Until recently, quantification of C. gramineum is determined by dilution plating onto a semiselective medium, which is labor intensive and time-consuming method. While many workers have succeeded to develop a molecular assays based on sequence-specific probes labeled with fluorescent reporters and quencher, and combined with flanking primers to identify and quantify specific fungi in plant and soil (Hughes et al., 2009; Shishido et al., 2010) . These real-time quantitative PCR assays give higher lever of specificity and sensitivity reduce time, labor, and overall cost. Our objective now is to develop a quantitative assay to quantify C. gramineum in infested field soils for use in studying pathogen survival and crop rotation efficiency in disease suppression. CBS 502.81; 2, KR08106; 3, KT0801; 4, ATCC15017; 5, KR09108; 6, MAFF 305546; 7, ATCC60205; 8, Cg94-1; 9, MK09215; 10, BH0909; 11, CBS132.34; 12, IKD0905 . isolates used in this study using the specific primers, CGIGS1 and CGIGS2. Lane M: 500bp DNA ladder; lane N: negative control (no DNA); lanes 1-40: 1, MK09101; 2, MK09215; 3, NAG0807; 4, OKC83; 5, URH0901; 6, ATCC15017; 7, ATCC46044; 8, Cg84-30; 9, Cg94-1; 10, Cg95-1; 11, Cg95-4; 12, CBS 759.69; 13, KR0605; 14, KR08309; 15, KR08601; 16, KR9101; 17, KT0801; 18, KR9104; 19, CBS502.81; 20, ATCC32622; 21, ATCC36969; 22, KR08507; 23, KR08202; 24, MK08101; 25, MK08201; 26, MK08302; 27, TY0802; 28, NAN0803; 29, OTF0809; 30, ATCC60205; 31, ATCC60208; 32, MAFF305546; 33, KR08106; 34, BH0909; 35, KR0601; 36, KR0603; 37, IKD0905; 38, KR9108; 39, CBS132.34; 40, KR08402 . 
